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Low-lying magnetic excitations in Ni3Al and their suppression by a magnetic field
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Results of high-resolution magnetization~M! measurements performed on well-characterized polycrystalline
Ni3Al sample over wide ranges of temperature and external magnetic field are presented and discussed in the
light of existing theoretical models. Contrary to the earlier claims that either Stoner single-particle excitations
or nonpropagating spin fluctuations solely determine the temperature dependence of spontaneous magnetiza-
tion M (T,0), at low temperatures, we find that propagating transverse spin-density fluctuations~spin waves!
almost entirely account for the thermal demagnetization of bothM (T,0) and ‘‘in-field’’ magnetization
M (T,H), at temperaturesT&0.28TC (TC5Curie point!. The spin-wave stiffness possesses a field-independent
value of 69.6(14) meV Å2 which conforms well with those determined earlier from small-angle and inelastic
neutron-scattering experiments. In the temperature range 0.32TC&T&0.92TC , enhanced nonpropagating spin-
density fluctuations~SF! give a contribution toM (T,0) andM (T,H) that completely overshadows the one
arising from spin waves. In accordance with the predictions of a modified spin-fluctuation theory, proposed by
the authors recently, the thermally excited SF’s get strongly suppressed by magnetic fieldH while the zero-
point SF’s are relatively insensitive toH. @S0163-1829~99!01142-X#
ak

nd
y

ed
s
p

r

m

le
e
u

e
it
ne
ic
th

-
or

n

e
he

cal

ly
nt-

the
w
SF
m.
-

nce
-

l-
ry,

of
air

of
up-

p-
m-
rie

re-

ure
of
I. INTRODUCTION

Out of the intermetallic compounds that exhibit we
itinerant-electron ferromagnetism, ordered~cubicL12 crystal
structure! Ni3Al has captured maximum experimental a
theoretical attention during the past three decades, and
certain aspects of magnetism in this compound have elud
complete understanding so far. One such aspect pertain
the nature of low-lying magnetic excitations. Magnetic pro
erties of Ni3Al have been extensively studied1–11 and the
results discussed in the light of eithe
Stoner-Wohlfarth1–8,12,13 model or the spin fluctuation
model.9–23 On the one hand, de Boer and co-workers1,2,4

claim that the temperature dependence of spontaneous
netization M (T,0) in the temperature interval 0.1TC&T
&0.75TC (TC5 Curie point! is very well described by the
expressionM (T,0)5M (0,0)2aT2 yielded by the Stoner-
Wohlfarth model,12,13 which holds the Stoner single-partic
spin-flip excitations solely responsible for the thermal d
magnetization ofM (T,0). On the other hand, Sasakura, S
zuki, and Masuda10 assert thatM (T,0) follows the relations
M2(T,0)5M2(0,0)2a8T2 and M2(T,0)5a9(TC

4/32T4/3),
predicted by the spin-fluctuation~SF! model,14–21in the tem-
perature ranges 0.1TC&T&0.4TC and 0.42TC&T&TC , re-
spectively. According to the SF model, nonpropagating th
mally excited longitudinal and transverse spin-dens
fluctuations completely account for the decline of sponta
ous magnetization with increasing temperature. In confl
with both the above-mentioned observations concerning
actual functional form of M (T,0), small-angle
neutron-scattering24 ~SANS! and inelastic neutron
scattering25 ~INS! experiments provide direct evidence f
well-defined spin-wave excitations~i.e., for propagating ther-
mally excited transverse spin-density fluctuations! in Ni3Al
at temperatures in the range 0.1TC&T&0.8TC . Though the
existence of spin waves at low temperatures in itinera
PRB 600163-1829/99/60~18!/12799~11!/$15.00
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electron magnetic systems has been recognized26 for a long
time now, no indication for such excitations in Ni3Al has
been found to date from magnetization measurements.

The spin-fluctuation~SF! theories~henceforth referred to
as conventional SF theories! proposed hitherto are, to som
extent, limited in scope in that they are unable to clarify t
role of zero-point~quantum! spin fluctuations and fail to
yield an expression which quantifies the suppression of lo
spin-density fluctuations by external magnetic fieldHext .
Obviously, the theoretical limitations of this kind serious
hamper the understanding of magnetism in weak itinera
electron ~WI! ferromagnets such as Ni3Al. Recently, Kaul
and co-workers27,28 have addressed these deficiencies of
conventional SF theories from the theoretical point of vie
and remedied them by a self-consistent treatment of the
model, which makes use of the Ginzburg-Landau formalis
Kaul and co-workers27,28 have explicitly calculated the zero
point ~ZP! and thermally excited~TE! contributions to spin
fluctuations in WI ferromagnets in the presence and abse
of Hext and the results~briefly summarized in the next sec
tion; the details are given in Ref. 28! demonstrate the follow-
ing. ZP spin fluctuations~i! have a major share in renorma
izing the Landau coefficients of the Stoner-Wohlfarth theo
~ii ! are relatively insensitive toHext , and ~iii ! make an ap-
preciable contribution to the temperature dependence
magnetization. By contrast, TE collective electron-hole p
excitations almost entirely account for the dependences
magnetization on temperature and field, and get strongly s
pressed byHext . In addition, this theoretical approach27,28

for the first time, yields an analytical expression for the su
pression of TE spin fluctuations by magnetic field for te
peratures just outside the critical region but below the Cu
point TC .

Extensive high-resolution bulk magnetization measu
ments were undertaken on well-characterized Ni3Al sample
with a view to resolve the controversy surrounding the nat
of low-lying magnetic excitations and to test the validity
12 799 ©1999 The American Physical Society
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12 800 PRB 60ANITA SEMWAL AND S. N. KAUL
the theoretical predictions mentioned above. An elabo
analysis of the magnetizationM (T,H) data reveals that the
thermal demagnetization ofM (T,H) is primarily due to
spin-wave excitations at low temperatures (0.09TC&T
&0.28TC) and enhanced local spin-density fluctuations o
a wide range of temperatures 0.32TC&T&0.92TC . Spin-
wave stiffnessD is independent ofHext and possesses
value that is in excellent agreement with those determi
previously24,25 from SANS and INS measurements. In acco
dance with the theoretical predictions,27,28 thermally excited
spin fluctuations are found to be far more sensitive to m
netic field than zero-point spin fluctuations and the obser
field dependence ofM (T,H) in the temperature rang
0.5TC&T&0.92TC is reproduced in facsimile by the analyt
cal expression yielded by the theory. Moreover, the pres
work permits an unambiguous assessment of the relative
portance of thermally excited and zero-point components
spin fluctuations in a weak itinerant-electron ferromagne

II. THEORETICAL CONSIDERATIONS

In this section, a brief outline of theself-consistent
calculation28 of spin fluctuations in weak itinerant-electro
ferromagnets based on the version of spin-fluctuation the
that makes use of the Ginzburg-Landau~GL! formalism is
given. The results of this calculation put most of our obs
vations on a consistent theoretical footing, as will be sho
to be the case in a later section.

The thermal variances of the local magnetization~a small
slowly varyingclassicalorder parameter! parallel (i),^mi

2&,
and perpendicular ('),^m'

2 &, to the average magnetizatio

MW are related to the imaginary part of the dynamic wa
vector-dependent susceptibility, Imxn(qW ,v), where
n(5i ,') is the polarization index, through the well-know
fluctuation-dissipation relation17–22,27,28

^mn
2&54\E d3qW

~2p!3E dv

2p S n~v!1
1

2D Imxn~qW ,v! ~1!

with

n~v!5@exp~\v/kBT!21#21, ~2!

Imxn~qW ,v!5vxn~qW !
Gn~qW !

v21Gn
2~qW !

, ~3!

xn~qW !5xn~qW ,v50!5xn~0!
kn

2

kn
21q2

, ~4!

Gn~qW !5gnqxn
21~qW !5Gn~0!q~kn

21q2!, ~5!

xn~0!5xn~qW 50!5~cnkn
2!21, ~6!

Gn~0!5Gn~qW 50!5cngn , ~7!

where n(v) is the Bose function,Gn(qW ) is the relaxation
frequency of a spontaneous spin fluctuation of wave vectoqW
and polarizationn, xn(0) is the field- and temperature
dependent susceptibility@i.e., xn(0)[xn(T,H)], cn is the
te
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coefficient of the gradient term in the GL expansion, and
quantity gn depends18 on the shape of the density-of-stat
~DOS! curve near Fermi levelEF . According to Eq.~1!, spin
fluctuations are made up of two components, the zero-p
spin fluctuationŝmn

2&ZP, and the thermally excited~TE! spin
fluctuationŝ mn

2&TE, represented in Eq.~1! by the factors 1/2
and n(v), respectively. Zero-point spin fluctuations can
further split into two parts: quantum fluctuations atT50 K,
^mn

2&0
ZP , and the temperature induced changes in quan

spin fluctuations at finite temperaturesTÞ0,^mn
2&T

ZP ~the so-
called quantum dynamics!. Thermally excited spin fluctua
tions too are of two types: damped~nonpropagating! longi-
tudinal (i) and transverse (') spin fluctuations~SF! and
undamped~propagating! transverse spin fluctuations or sp
waves~SW!.

So far as the ZP spin fluctuations are concerned, E
~1!–~7! yield the final result28

^mn
2&ZP.

\gn

2~2p!3
@qC

ZP~T,H !#2S @qC
ZP~T,H !#2@an

2 ln~1

1an
22!1 ln~11an

2!#2
4

cnxn~0!
@an tan21~an

21!# D
~8!

with

an5
vF

cngn@qc
ZP~T,H !#2

, ~9!

where vF is the Fermi velocity andqC
ZP[qC

ZP(T,H)
5q0(0,H)1qC(T,H) is the temperature- and field
dependent cutoff wave vector.qC

ZP approaches a very sma
but finite valueq0 asT→0 K. The above expression, Eq.~8!,
for ^mn

2&ZP is valid in the entire temperature range extendi
from T50 K to temperatures well aboveTC . By contrast, a
similar expression for the thermally excited component
spin fluctuationŝ mn

2&TE, that holds for temperatures in th
range 0&T&TC , cannot be obtained from Eqs.~1!–~7!
since Eq.~1! is not amenable to analytical solution primari
because different types of TE spin fluctuations dominate
different temperature ranges.

At low temperatures, the main contribution to^mn
2&TE

arises from long-wavelength (q&qSW) low-frequency spin
waves. Such a contribution is obtained from Eq.~1! by in-
serting the following expression18 for Imxn(qW ,v) in this
equation, and then evaluating the integrals:

Imxn~qW ,v!5
p

2
vx'~qW !@d„v2v~qW !…1d„v1v~qW !…#

~10!

with the spin wave propagation frequencyv(qW ) given by18

\v~qW !5gmBH1D'
SW~T,H !q21•••, ~11!

where the effective fieldH is the external magnetic field
Hext, corrected for demagnetizing fieldHdem and other an-
isotropy fields HA , i.e., H5Hext2Hdem1HA5Hext
24pNM(T,Hext)1HA , N is the demagnetizing factor,g is
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the Lande´ splitting factor, andD'
SW(T,H)5gmBM (T,H)c'

is the spin-wave stiffness. Equation~1!, when combined with
Eqs.~10! and ~11!, gives ultimately the spin-wave contribu
tion as

^m'
2 &SW

TE5z~3/2!gmBM ~T,0!F kBT

4pD'
SW~T,0!

G 3/2

for H50,

5Z~3/2,tH!gmBM ~T,H !F kBT

4pD'
SW~T,H !

G 3/2

for HÞ0. ~12!

In Eq. ~12!, the Bose-Einstein integral functio
Z(3/2,tH)5z(3/2)F(3/2,tH)5(n51

` n23/2e2ntH with tH

5gmBH/kBT allows for the energy gap in the spin-wav
spectrum introduced byHext and the anisotropy fields.

In the intermediate range of temperatures and for te
peratures close toTC , spin-wave contribution is completel
masked by the one arising from nonpropagating spin fluc
tions ~SF!. In this temperature range, Eqs.~1!–~7! can be
solved for the contribution due to TE spin fluctuations, i.
^mn

2&SF
TE , by using the so-called classical approximation. T

approximation implies that each modemn(qW ) for qW ,qW C is
thermally excited such that the Bose function, Eq.~2!, can be
approximated bykBT/\v for those values ofv for which
Imxn(qW ,v) makes appreciable contribution to the integ
over v in Eq. ~1!. Such an approximation leads to the res

^mn
2&SF

TE5
kBT

2p2cn

@qc
TE2kn tan21~qc

TE/kn!# ~13!

with qc
TE[qc[qc(T,H). Equation~13! reduces to28

^mn
2&SF

TE5S kBT

6p2D xn~0!qc
3 ~14!

and

^mn
2&SF

TE5S kBT

2p2D S qc

cn
D F12

p

2qc
S gmB

Dn
SFD 1/2

H1/2

1
1

qc
2 S gmB

Dn
SFD HG ~15!

at intermediate temperatures and for temperatures clos
TC (T&TC) but outside the critical region, respectively.
Eq. ~15!, Dn

SF5gmBM (T,H)cn is the so-called spin-
fluctuation stiffness. The temperature- and field-depend
cutoff wave vectorqc appearing in Eqs.~8!, ~9!, ~14!, and
~15! is given by27,28

qc~T,H !5S kBT

\cngn
D 1/3S 12x1

x3

3 D ~16!

with
-

a-

,
s

l
t

to

nt

x5
1

3cnxn~0! S \gncn

kBT D 2/3

. ~17!

The variations of magnetization with temperature a
field are obtained in a self-consistent fashion by inserting
expressions for̂ mn

2&5^mn
2&ZP1^mn

2&TE valid in different
temperature ranges into the following expression,18 which is
nothing but the Stoner magnetic equation of state~MES!
modified to account for long-wavelength and low-ener
spin fluctuations of small fluctuation amplitudes, i.e., in

H

M ~T,H !
5a~T!1b@~3^mi

2&12^m'
2 &!1M2~T,H !#

~18!

with

a~T!52@2x~0,0!#21F12S T

TC
SD 2G , ~19!

b5@2x~0,0!M2~0,0!#21, ~20!

where x(0,0) is the zero-field differential susceptibility a
0 K and TC

S is the Stoner Curie temperature. The final ou
come of this exercise is that the coefficientsa(T) and b of
the Stoner MES get renormalized28 and M (T,H) takes the
forms

M ~T,0!5M ~0,0!2gmBz~3/2!@kBT/4pD'
SW~T,0!#3/2,

H50 ~21a!

M ~T,H !5M ~0,H !2gmBZ~3/2,tH!@kBT/4pD'
SW~T,H !#3/2,

HÞ0 ~21b!

at low temperatures,

M ~T,H !5M ~0,H !@12~T/T* !22~T/T1!4/3#1/2, ~22!

where

S 1

T*
D 2

5S 1

TC
SD 2

1S 1

T0
D 2

, ~23!

T0
225

1

6p2 S kB
2

\gncn
D S 3x i~0!12x'~0!

M2~0,0!
D , ~24!

T1
24/3>

5

2p2 S 316 lnan28p

24p D
3~\gn!21/3@M ~0,0!#22S kB

cn
D 4/3

~25!

at intermediate temperatures, and

M ~T,H !5M ~0,H !@12~T/TC
S!22A~H !T4/3#1/2, ~26!

with

A~H !5A~H50!@12hAH#, ~27!
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A~H50!5~TC
SF!24/3>

5~112 lnan18p!

16p3
~\gn!21/3

3@M ~0,0!#22S kB

cn
D 4/3

, ~28!

h>
4p2

112 lnan18p S kBT

\gncn
D 21/3S gmB

Dn
SFD 1/2

~29!

for temperatures close toTC (T&TC) but outside the critical
region. Equations~22! and~26! are valid for bothH50 and
HÞ0. While theT2 term ~with the coefficientT0

22) in Eq.
~22! originates from thermally excited nonpropagating sp
fluctuations and its coefficientT0

22 depends onH through the
field dependence ofxn(0), theT4/3 term is a net outcome o
the competing claims made by the thermally excited~TE!
and zero-point~ZP! components of spin fluctuations~the
former contribution decreases withT as T4/3 whereas the
latter one dominates over the former and increases withT as
T4/3) and its coefficientT1

24/3 is essentially field independen
Due to the competition between ZP and TE components,
T2 term accounts, in the most part, forM (T,H) but the con-
tribution of theT4/3 term is not so small as to warrant its tot
neglect. By contrast, theT4/3 term in Eq. ~26! is a direct
consequence of the additive TE and ZP spin-fluctuation c
tributions, both of which increase withT as T4/3 for T
&TC , but the TE contribution now dominates over the Z
one. Moreover, the coefficientA(H) of this term depends on
the field in accordance with the relation~27! and the field
dependence ofA is entirely due to the suppression of TE sp
fluctuations byH.

The calculations, briefly outlined above and whose det
are given in Ref. 28, go beyond the conventional SF theo
in that they~i! bring out clearly the role of zero-point spi
fluctuations in affecting the functional dependences of m
netization on temperature and field,~ii ! predict an additional
contribution toM (T,H) at intermediate temperatures whic
varies withT asT4/3 but does not depend on the fieldH, ~iii !
demonstrate that at all temperatures, field suppresses
mally excited spin fluctuations but has little, or even n
effect on zero-point spin fluctuations, and~iv! quantify the
suppression of TE spin fluctuations with magnetic field in
form of Eqs.~26!, ~27!, and~29! for T&TC .

III. EXPERIMENTAL DETAILS

Ultra-high-purity ~99.999! nickel and aluminum taken in
stoichiometric proportions by weight were molten together
a recrystallized alumina crucible under an inert atmosph
provided by high-purity~99.999! argon gas by radio fre
quency induction technique. After holding the melt for
couple of minutes in the crucible, it was poured into a cyl
drical hole in a massive copper mold. The entire operat
from melting to pouring was carried out under argon pr
sure of.1 atm. Polycrystalline Ni3Al was thus prepared in
the rod ~10 mm in diameter and 100 mm in length! form.
Several discs of 5 mm thickness were spark cut from suc
rod and characterized by x-ray-diffraction and scanning e
tron microscopic techniques. The chemical composition
samples taken from various sections along the rod length
e

n-

ls
s

-

er-
,

e

re

-
n
-

a
c-
f
as

determined by methods such as x-ray fluorescence, ind
tively coupled plasma, and optical emission spectroscopy
~Al ! composition in at. % varied in the range 74.7~25.3! to
75.0 ~25.0! over the entire length of the rod. The portion
the Ni3Al rod whose composition did not deviate more th
0.01 at. % from the stoichiometric composition Ni75Al25 was
selected, spherical~3 mm in diameter! and disc shaped~10
mm in diameter and 5 mm in thickness! samples were spark
cut from it and annealed at 520 °C for 16 days in qua
tubes evacuated to a pressure of 1027 torr. Spherical and
disc-shaped samples were used for magnetic and x-
diffraction measurements, respectively. The observed x
patterns could be completely indexed on the basis of theL12
cubic structure with lattice constanta53.564(2) Å . This
lattice parameter value is in excellent agreement with t
@a53.565(5) Å# reported29,30 in the literature. From the
observed integrated intensitiesI F and I S of the ~200! funda-
mental~F! fcc-type and~100! superstructure~S! Cu3Au-type
Bragg reflection peaks, long-range order parameterS was
estimated using the relationS25(I S /I F)sample3(I F /I S)S51,
where (I F /I S)S51 is the corresponding intensity ratio29 for
fully ordered Ni3Al sample. For the Ni3Al sample used for
the present investigation, we obtainS50.55(1).

MagnetizationM of the Ni3Al sample~spherical in shape!
was measured as a function of external magnetic fieldHext in
fields up to 15 kOe~70 kOe! at fixed temperatures~at T
55 K), .0.5, 0.2, 0.1, and 0.05 K apart in the rang
14.7<T<40.4 K, 40.4<T<50 K, 50<T<51.5 K, and
51.5<T<58.5 K, respectively, on EG&G Princeton Applie
Research Vibrating Sample Magnetometer~VSM! 4500 sys-
tem@Quantum Design superconducting quantum interfere
device ~SQUID! magnetometer MPMS7#. Each M2Hext
isotherm~the isotherm at 5 K! was obtained by measuringM
at 60 ~180! predetermined fixed field values in the range
<Hext<15 kOe (0<Hext<70 kOe). Magnetization was
also measured as a function of temperature in the inte
14<T<80 K (5<T<100 K! at fixed values ofHext ~at
Hext51 kOe), 0.5 kOe apart, in the interval 0.5<Hext
<4 kOe on VSM~SQUID!. The ‘‘in-field’’ magnetization,
i.e., M (T) at fixed Hext and denoted byM (T,Hext), data
were taken at the temperature steps of 0.25 and 0.5 K in
temperature ranges 14<T<50.5 K and 50.5<T<80 K, re-
spectively. The temperature~field! stability was better than
65 mK (61Oe) for the VSM data and610 mK
(61 Oe) for the SQUID data. In the present case, mag
tization was measured to a relative accuracy of 50 ppm~1
ppm! using VSM ~SQUID! magnetometer. TheM versus
Hext isotherms were converted into a form that gives t
magnetization as a function of temperature at 60 different
fixedvalues ofHext in the interval 0.3<Hext<15 kOe. Such
data are henceforth referred to as the ‘‘in-field’’~iso! mag-
netization data and labeled asM 8(T,Hext). The demagnetiz-
ing factorN was computed from the slope of the magnetiz
tion versus Hext straight line @i.e., 4pN5(slope)21]
isotherms taken at temperatures well belowTC in the field
range220<Hext<20 Oe. The valueN, so obtained, was
used to arrive at the effective fieldH experienced by the
spins in the Ni3Al sample, i.e.,H5Hext24pNM(T,Hext).

IV. DATA ANALYSIS, RESULTS, AND DISCUSSION

@M (T,H)#2 versusH/M (T,H) ~Arrott! plots at different
temperatures, based on the magnetic equation of state
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~18!, and constructed out of the rawM (T,Hext) data, are
displayed in the bottom panel of Fig. 1~SQUID data atT
55 K) and Fig. 2~VSM data atT>14.7 K!. Spontaneous
magnetization at different temperaturesM (T,0) is computed

FIG. 1. The upper part of the figure compares theM versusHext

isotherm taken at 5 K~the SQUID data! with the values ofM at
T50 deduced from the fits, based on Eq.~21b! of the text, to the
M (T) data taken at different values ofHext . The lower part shows
the magnetization atT55 K measured in fields (Hext) up to 70 kOe
plotted in the form of the Arrott plot, i.e.,@M (T55 K,H)#2 versus
H/M (T55 K,H) plot.

FIG. 2. @M (T,H)#2 versusH/M (T,H) isotherms at a few rep
resentative temperatures. Note that the linear isotherm atT5TC

556.4 K passes through the origin.
from the intercepts on the ordinate obtained by extrapola
the linear high-field portions of the Arrott plot isotherms
H50, as shown in Figs. 1 and 2. TheM (T,0) data, so ob-
tained, together with the in-field magnetization data at a f
selected values ofHext in the interval 1<Hext<4 kOe, are
depicted in Fig. 3. TheM2Hext isotherm atT55 K mea-
sured on SQUID magnetometer in fields up to 70 kOe, wh
converted into the Arrott isotherm shown in the bottom pa
of Fig. 1, yields the valuesM (T55 K,0)546.75(12) G or
0.0766(2)mB /Ni atom andx(T55 K,0)53.56(30)31024

for the spontaneous magnetization or magnetic moment
nickel atom and zero-field differential susceptibility at 5 K
These magnitudes are in excellent agreement with th
reported1,2,10,11 previously. From the Arrott plot shown in
Fig. 2, we obtain the Curie temperature for the pres
sample asTC556.45(5) K@i.e., the temperature at which th
linear M2 vs H/M isotherm passes through the origin
alternatively, the temperature at whichM (T,0) goes to zero,
Fig. 3#. This value agrees quite well with that obtained by t
‘‘kink-point’’ method but is substantially higher than th
published1,2,10,11values.

In view of the conflicting reports1,2,4,10about the tempera
ture dependence ofM (T,0) at low and intermediate tempera
tures in Ni3Al ~see Introduction!, the magnetization data ar
analyzed in terms of the expressions predicted by the Sto
Wohlfarth ~SWO! model,12,13 conventional spin fluctuation
~CSF! theories14–21 and the modified spin fluctuation~MSF!
model27,28briefly outlined in Sec. II. Before embarking upo
such an analysis, the relevant expressions for magnetiza
yielded by such theories are given below. According to
SWO model, magnetization for bothH50 andHÞ0 in the
entire temperature range 0<T<TC is given by2,12,13,31

@M ~T,H !#SWO5M ~0,H !@12a~H !T2#

FIG. 3. Spontaneous magnetizationM (T,0) and in-field magne-
tization M (T,Hext), as functions of temperature.
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with

a~H50!5~TC
S!22. ~30!

By contrast, CSF and MSF theories predict different e
pressions for magnetization in different temperature regio
For instance, magnetization is described, by Eqs.~21a! and
~21b! at low temperatures, by the expressions18,28

@M ~T,H !#CSF5M ~0,H !@12a8~H !T2#1/2, ~31!

@M ~T,H !#MSF5M ~0,H !@12A8~H !T22A9T4/3#1/2

~32!

@cf. Eq. ~32! with Eqs. ~22!–~25!# at intermediate tempera
tures and by

@M ~T,H !#CSF5M ~0,H !@12a9~H !T4/3#1/2 ~33!

@M ~T,H !#MSF5M ~0,H !@12A~H !T4/3#1/2 ~34!

@cf. Eq. ~34! with Eqs. ~26!–~29!# for temperatures close t
TC(T&TC) and yet away from criticality. Note that Eqs
~32! and ~34! are valid for bothHÞ0 and H50 whereas
Eqs.~31! and ~33! hold for H50 only. Moreover, the coef-
ficients of theT4/3 terms in Eqs.~33! and ~34! for H50 are
completely different; i.e.,a9(0)ÞA(H50).

TheM (T,H), M 8(T,H) andM (T,0) data have been ana
lyzed in terms of Eqs.~21a!, ~21b! and ~30!–~34! using the
‘‘range-of-fit’’ ~ROF! analysis. In this type of analysis, th
values of free fitting parameters and the quality of the fits
continuously monitored as the temperature intervalTmin<T
<Tmax is progressively narrowed down by keepin
Tmin(Tmax) fixed at a given value and lowering~raising!
Tmax(Tmin) towards Tmin(Tmax). The details about this
method of analysis are given elsewhere.31–33 In the absence
of the spontaneous and ‘‘in-field’’~VSM! magnetization data
for T,14 K, the ROF analysis of theM (T,H) SQUID data
taken atHext51 kOe~that extend down to 5 K! in the low-
temperature region has been attempted based on Eqs.~30!,
~21b!, and ~31!. In this analysis,M (0,H) and a(H) in Eq.
~30!, M (0,H) and spin-wave stiffnessD[D'

SW in Eq. ~21b!,
andM (0,H) anda8(H) in Eq. ~31! are treated as free fitting
parameters. The final outcome of this exercise is that
~21b! reproduces in facsimile the observed temperature
pendence of magnetization in the temperature interval 5<T
<13 K. The best least-squares~LS! fit to the data~open
circles! in this temperature range, based on Eq.~21b!, yields
D569.6 meVÅ2 and is depicted in the upper part of Fig.
by the continuous curve. The lower part of Fig. 4 shows
percentage deviation of the data from the best LS fits ba
on Eq. ~30! ~open circles!, Eq. ~21b! ~solid circles! and Eq.
~31! ~crosses! in the temperature interval 5<T<13 K. It is
evident from this figure that the percentage deviation of
M (T,H) data from the bestM2T3/2 fit, based on Eq.~21b!,
does not exceed60.003 and is evenly distributed around th
theoretically calculated values whereas the optimumM
2T2 andM22T2 fits, based on Eqs.~30! and ~31!, respec-
tively, present systematic deviations from the data in qu
tion that are, in both the cases, as large as60.08%. Another
important observation is that ifTmin is fixed at 5 K andTmax
is increased beyond 13 K, the deviations of the data from
-
s.

e

q.
e-

e
ed

e

s-

e

M2T3/2 fit continue to remain evenly distributed but in
crease steadily to reach60.005% atTmax516 K with mar-
ginal change in the values of fitting parametersM (0,H) and
D whereas they are systematic in nature and grow very
for Tmax.16 K and lead to a steep fall~increase! in the value
of D „M (0,H)…. The latter observation encouraged us to
temptM2T3/2 fits to ‘‘in-field’’ (0.5<Hext<4.0 kOe) and
in-field ~iso! (0.5<Hext<15 kOe) magnetization data a
well as to theM (T,0) data based on Eqs.~21b! and~21a! in
the temperature range (14<T<16 K!. The range-of-fit
analysis of theM (T,0) andM (T,H) data in whichM (0,0)
or M (0,H) or M 8(0,H) andD are varied to optimize agree
ment between theory and experiment revealed that~i! Eqs.
~21a! and ~21b! provide the best description of the data f
T<16 K.0.28TC @continuous curves in the inset of Fig
5~b!#, ~ii ! spin-wave stiffness possesses the valueD
569.6(4) meV Å2 regardless of the magnitude of field i
the interval 0<Hext<15 kOe, and~iii ! the M (0,Hext) val-
ues yielded by the best LS fits conform very well~upper part
of Fig. 1! with the M (T,Hext) values measured on SQUID
magnetometer atT55 K. Moreover, the modified version
of Eqs.~21a! and ~21b!, that take into account the temper
ture renormalization ofD, when used for the analysis, di
not bring forth any improvement in the quality of fits. Con
sidering the variation in the value ofD not only for a given
data set but also from one set to the other as the tempera
range of the fit is changed, we quote the final valueD
569.6(14) meV Å2 in the temperature interval 0.09TC<T
<0.28TC with conservative assignment of errors. This val
compares favorably with D570(20) meV Å2 @D
585(15) meV Å2# determined in the temperature range
<T<15 K ~at T520.4 K! from small-angle neutron-
scattering24 ~inelastic neutron-scattering25! data. From a de-

FIG. 4. The upper part of the figure depicts temperature va
tion of magnetization measured atHext51 kOe at low temperatures
and the continuous curve through the data points~open circles! is
the best least-squares~LS! fit based on Eq.~21b! of the text. The
lower part displays the percentage deviation of the data from the
fits based on Eq.~21b! ~closed circles!, Eq. ~30! ~open circles!, and
Eq. ~31! ~crosses!, of the text.
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FIG. 5. Temperature variation of in-field magnetization,~a! M (T,Hext51 kOe!, ~b! M (T,H), and~c! M 8(T,H), at a few selected bu
fixed values ofH in the intermediate range of temperatures. Part~c! of the figure, in addition, depicts the temperature dependenc
spontaneous magnetizationM (T,0) in this temperature range. The continuous curves through theM (T,H) data~open circles! andM (T,0)
data~crosses! represent the best least-squares fits based on Eq.~32! of the text. Lower panel of Fig. 5~a! displays the percentage deviatio
of theM (T,Hext51 kOe) SQUID data from the fits based on Eq.~21b! ~open circles!, Eq. ~30! ~open triangles!, Eq. ~31! ~crosses!, and Eq.
~32! ~closed circles!, of the text. Inset of Fig. 5~b! shows the least-squares fits~continuous curves! based on Eq.~21b! to theM (T,H) data
taken at various fixed values ofH.
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in
tailed comparison between the different types of theoret
fits to the magnetization data~Fig. 4! and the agreemen
between the values of spin-wave stiffness determined by
ferent experimental techniques, we conclude that spin-w
excitations dominantly contribute to the thermal demagn
zation of both spontaneous as well as in-field magnetiza
for temperaturesT&0.28TC .

An exhaustive range-of-fit analysis of theM (T,H),
al

if-
ve
i-
n

M 8(T,H), andM (T,0) data at intermediate temperatures a
for T&TC based on Eqs.~21a! and~30!–~34! yields a num-
ber of important results. In the intermediate range of te
peratures, the main observations are as follows.~I! Out of all
the theoretical expressions considered, Eq.~32! alone pro-
vides the best LS fit~depicted by the continuous curves
Fig. 5! to the magnetization data at all fields includingH
50 in the temperature range 18 K(.0.32TC)<T<28 K
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(.0.5TC), as is evident from the typical percentage dev
tion plot shown in the lower part of Fig. 5~a!. ~II ! The lower
and upper limits of the temperature range over which
~32! completely accounts for the observed temperature
pendence ofM do not exhibit any systematic variation wit
H. ~III ! Since, irrespective of the value ofH, a strong corre-
lation was observed in the values of the coefficientsA8 and
A9 when all the three parametersM (0,H), A8, andA9 were
varied to arrive at the optimum fit to the data based on
~32!, A9 ~or A8) was kept fixed at a given value while th
remaining two parameters were optimized. This proced
was repeated for other fixed values ofA9 ~or A8) until a
global minimum in the sum of the deviation squares w
obtained. Such a fitting method unambiguously demonstr
that A957.27(3)31024 K24/3 for the values ofH ranging
between 0 and 14.75 kOe whereasA8 varies with H as
shown in Fig. 6. A linear relation betweenA8 andH of the
type

A8~H !5A8~H50!~12aH ! ~35!

and an abrupt change in slope ([a) at H* .8 kOe is evi-
dent from this figure. The least-squares fits, based on
~35!, attempted to theA8(H) data and shown in Fig. 6 by th
straight lines yield the values of the slope asa52.12(13)
31025 Oe21 and a51.05(10)31025 Oe21 in the field
ranges 0<H&8 kOe and 8&H<14.75 kOe, respectively
A linear field dependence of the coefficient of theT2 term@in
the expression forM (T,H)] of the form Eq.~35! has also
been previously observed34 in fcc Fe-Ni Invar alloys with Ni
concentration in at. % as 34.2, 35.4, and 37.0 in the inter
diate temperature range. These alloys too exhibit w
itinerant-electron ferromagnetism. While the present value
A8(H50)53.12(2)31024 K22 ~Fig. 6! compares well
with the previously reported1,2 value of 3.9231024 K22 for
ordered Ni3Al, the coefficient~slope! a for H*8 kOe, in

FIG. 6. Field dependence of the coefficientA8(H) of the T2

term appearing in Eq.~32! of the text. The straight lines through th
data~open circles! represent the least-squares fits based on Eq.~35!
of the text. Upward arrow indicates the fieldH* at which an abrupt
change in the slope occurs. Note that the vertical error bars ar
the size of the data symbols wherever they are not specified bu
horizontal error bars are extremely small~61 Oe! compared to the
data symbol size. Notice that the straight line for fieldsH&H* ,
when extrapolated toH50, yields a value forA8 at H50 that is
equal to the valueA8(H50)53.12(2)31024 K22 ~closed circle!
which is directly determined from the spontaneous magnetiza
data.
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the present case, possesses a value that is exactly one
of magnitude larger than that@a51.2(2)31026 Oe21# de-
termined earlier34 for fcc Fe-Ni weak itinerant-electron fer
romagnets in the field range 8&H<52.7 kOe. In confor-
mity with the predictions of the MSF model,28 at
intermediate temperatures, the thermally excited spin fl
tuations, which manifest themselves as theT2 term in Eqs.
~22! or ~32!, dominantly contribute to the thermal demagn
tization ofM (T,0) andM (T,H) and get strongly suppresse
by magnetic field@Eq. ~35! and Fig. 6# whereas the zero
point spin fluctuations which are mainly responsible for t
T4/3 term in Eqs.~22! or ~32!, make a significant contribution
to the decline ofM (T,0) andM (T,H) with increasing tem-
perature and are not affected by the field. However, t
model, like the conventional spin-fluctuation theories, do
not offer any explanation for the linear field dependence
A8 and an abrupt decrease~by a factor of 2! in the value of
slopea at H* .8 kOe.

For temperatures belowTC but just outside the critica
region (T&TC), the following observations have been ma
based on the range-of-fit analysis of the magnetization d
in terms of the expressions given by Eqs.~21a!, ~21b!, ~26!,
and ~30!–~34!. The observed temperature variation of spo
taneous magnetization as well as in-field magnetization
such temperatures is best described by Eqs.~26!, ~33!, or
~34!, as is clearly noticed not only from the percentage d
viation plot displayed in the bottom part of Fig. 7~a! ~which
is representative of similar plots at other values ofH, includ-
ing H50, as well! but also from the data presented in Fi
7~b!. The temperature range over whichM2(T,H) or
M2(T,0) varies with temperature asT4/3 broadens while the
slope A(H) of the M2(T,H) versusT4/3 straight lines@cf.
Eqs.~34! and~26!# decreases asH increases. The variation o
the coefficient A~H! of theT4/3 term in Eqs.~26! or ~34! with
H is depicted in Fig. 8 whereinA is plotted againstH and
H1/2. Figure 8 demonstrates that theA(H) data obey Eq.~27!
to a very high degree of accuracy and that the best le
squares fit to theA(H) andA(AH) data based on Eq.~27!,
represented by the continuous curve and straight line, res
tively, yield exactly the same value ofA(H50) upon ex-
trapolation to H50 as that obtained directly from th
M2(T,0) versusT4/3 plot @Fig. 7~c!#. According to the MSF
model,28 the termsT2 and T4/3 in Eq. ~26! originate from
Stoner single-particle excitations and thermally-excited~TE!
plus zero-point~ZP! spin fluctuations, respectively, and th
the TE spin-fluctuation contribution to the coefficientA(H
50) dominates over that arising from ZP spin fluctuations
the temperature range in question~Sec. II!. In view of this
genesis of theT2 andT4/3 terms, the experimental observa
tion that the percentage deviation has thesamevalue @Fig.
7~a!# for the fits that either include@Eq. ~26!# or exclude@Eq.
~34!# theT2 term asserts that the overwhelmingly large sp
fluctuation contribution completely swamps the feeble co
tribution to M (T,0) or M (T,H) arising from Stoner single-
particle excitations. The relative importance of sp
fluctuations and single-particle excitations could not be
certained at intermediate temperatures because in this
perature regime, both the types of excitations, give contri
tions toM (T,0) andM (T,H) that vary with temperature a
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FIG. 7. Temperature variation of in-field magnetization,~a! M (T,Hext51 kOe!, ~b! M (T,H), and~c! M 8(T,H), at a few selected bu
fixed values ofH for temperatures in the range 28<T<54 K. Part~c! of the figure, in addition, depicts the temperature dependenc
spontaneous magnetization in this temperature range. The continuous curve and straight lines represent the best least-square
M (T,H) data~open circles! andM (T,0) data~crosses! based on Eq.~34! of the text. The lower panel of Fig. 7~a! displays the percentag
deviation of theM (T,Hext51 kOe! SQUID data from the fits based on Eq.~30! ~open triangles!, Eq. ~31! ~open circles!, Eq. ~26! ~crosses!,
and Eq.~34! ~closed circles! of the text.
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T2 @Eqs. ~22! and ~23!#. That Stoner single-particle excita
tions decrease magnetization with increasing temperatur
a rate which is extremely slow compared to that due to s
fluctuations has also been previously inferred18,22 from band-
structure calculations and the results of de Haas-Van Alp
effect measurements on Ni3Al. The observation thatA(H)
;H1/2 for fields in the range 0<H&15 kOe was previously
made by us31,35 on amorphous weak itinerant-electron ferr
magnets as well. Thus Eq.~27! quantifies the suppression o
at
in

n

thermally excited spin fluctuations@since they are solely re
sponsible for theH1/2 term in Eq.~27!; see Sec. II# at weak
and intermediate fields in weak itinerant-electron ferrom
nets regardless of whether they are crystalline or amorph
and unlike the previous expression,20,36based on the elctron
gas model, involves only asinglefitting parameterh because
the value ofA(H50) can be obtained directly from th
spontaneous magnetization data. Moreover, the presently
termined value ofA(H50)54.65(3)31023 K24/3 yields
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the value for the Curie temperature asTC
SF556.2(3) K when

the relationTC
SF5@A(H50)#23/4 @Eq. ~28!# is used. This

value is quite close to the valueTC556.45(5) K obtained
from the Arrott plot~Fig. 2!. This finding implies that, bar-
ring the low-temperature region@where spin waves gover
M (T,0)], the temperature dependence of spontaneous m
netization is primarily determined by the enhanced sp
density fluctuations and that Stoner single-particle exc
tions have a negligible role to play inM (T,0) of Ni3Al.

Finally, as shown below, the present results facilitate
rationalization of the previous seemingly contradictory n
tions about the nature of low-lying magnetic excitations
Ni3Al based on distinctly different temperature variatio
observed for spontaneous magnetization in the same or s
lar temperature ranges and the results of SANS and
experiments~for details, see Introduction!. Our results dem-
onstrate that the relationsM (T,0)5M (0,0)2aT2 and
M2(T,0)5M2(0,0)2a8T2 describe the magnetization da
equally well even though the data present systematic de
tions of roughly the same magnitude from the fits based
both these relations@Figs. 4 and 5~a!# and that far greate
precision in the measurement of magnetization than achie
hitherto is required to establish the actual functional form
M (T,0) and M (T,H) in different temperature ranges, an
hence the exact nature of magnetic excitations that domi
in those temperature regions. Next, we address ourselve
the apparent discrepancy between the results of prev
SANS and INS experiments and those of the present ma
tization measurements. To elucidate this point further,
sharp contrast with the claim made by Bernhoeft a
co-workers24,25 that spin-wave excitations completely a
count for the temperature dependence of SANS and INS
tensity in the temperature range 0.1TC&T&0.8TC , the re-
sults of present investigation show that spin waves en
overwhelming presence only for temperatures in the ra
0.09TC&T&0.28TC and are completely overshadowed

FIG. 8. Field dependence of the coefficientA(H) of the T4/3

term appearing in Eq.~34! of the text. The continuous curve or th
straight line represents the least-squares fit to theA(H) data~open
squares! or A(AH) data~open circles! based on Eq.~27! of the text.
Notice that these fits, when extrapolated toH50, yield a value for
A at H50 that exactly coincides with that@A(H50)54.65(3)
31023 K24/3# ~closed circle or square! directly determined from
the spontaneous magnetization data. Note that the vertical error
are of the size of the data symbols wherever they are not spec
but the horizontal error bars are extremely small~61 Oe! compared
to the data symbol size.
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nonpropagating spin fluctuations for temperatures rang
from 0.32TC to 0.92TC . Recognizing the fact that nonpropa
gating spin fluctuations show up as a central elastic pea
DE50 whereas spin waves give rise to peaks atDEÞ0 in
the constant-q INS spectra taken at different temperature
spin fluctuations can easily evade detection in such spect
the instrumental resolution is not high enough, which see
to be the case with the reported25 INS spectra.

V. SUMMARY AND CONCLUSION

Extensive high-resolution magnetization,M (T,Hext),
measurements were performed on well-characterized N3Al
polycrystalline sample at temperatures in the range 14<T
<80 K (5<T<100 K! in fields up to 15 kOe~at Hext

51 kOe) as well as at 5 K in fields up to 70 kOe. W
obtain the values for the spontaneous magnetization at 5
M (T55 K,0)546.75(12) G or magnetic moment per N
atom 5 0.0766(2)mB /Ni atom, the zero-field differentia
susceptibility at 5 K,x(T55 K,0)53.56(30)31024 and
the Curie temperatureTC556.45(5) K. While the values o
M (T55 K,0) andx(T55 K,0) are in excellent agreemen
with those reported1,2,10,11previously for ordered Ni3Al, the
value ofTC is substantially higher than the published1,2,10,11

valueTC541(1) K.
An elaborate range-of-fit analysis of the in-field magne

zationM (T,H) and spontaneous magnetizationM (T,0) data
based on the expressions for these quantities given by
recent theoretical calculations27,28 in different temperature
ranges reveals the following.

~i! Spin-wave excitations almost entirely account for t
observed thermal demagnetization of spontaneous as we
in-field magnetization at low temperaturesT&0.28TC . Spin-
wave stiffness possesses a field-independent value
69.6(14) meV Å2 which conforms well with the values di
rectly determined from small-angle neutron-scattering a
inelastic neutron-scattering experiments previously.

~ii ! Enhanced fluctuations in local magnetization manif
themselves inM (T,0) andM (T,H) through a contribution
that varies with temperature asM (T,H)5M (0,H)@1
2A8(H)T22A9T4/3#1/2 and M (T,H)5M (0,H)@1
2A(H)T4/3#1/2 for temperatures in the ranges 0.32TC&T
&0.50TC and 0.51TC&T&0.92TC , respectively. At these
temperatures (0.32TC&T&0.92TC), this contribution to
M (T,0) andM (T,H) completely overshadows the one ari
ing from spin waves. The coefficientA9 does not depend on
H while the coefficientsA8(H) and A(H) vary with H in
accordance with the relationsA8(H)5A(H50)(12aH)
and A(H)5A(H50)(12hAH). An abrupt change in the
value of the slopea is observed atH* .8 kOe. These rela-
tions quantify the suppression of thermally excited~TE! spin
fluctuations by magnetic field whereas magnetic field h
little, or even no, influence on zero-point~ZP! spin fluctua-
tions. Of the two components ZP and TE of spin fluctuatio
TE spin fluctuations basically dictate the temperature dep
dence ofM (T,0) andM (T,H) at intermediate temperature
and for temperatures just outside the critical region but
low TC .
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~iii ! Stoner single-particle excitations make a negligib
small contribution to the temperature variation of sponta
ous and in-field magnetization.

~iv! All the observations~i!–~iii ! stated above, except fo
the linear relationship betweenA8 and H as well as the
abrupt change ina at H* .8 kOe, testify to the validity of
the theoretical predictions based on the so-called modi
spin-fluctuation model.27,28
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